The rostral superior colliculus (rSC) encodes position errors for multiple types of eye movements, including microsaccades, small saccades, smooth pursuit, and fixation. Here we address whether the rSC contributes to the development of neural signals that are suitable for controlling vergence eye movements. We use both single-unit recording and microstimulation techniques in monkey to answer this question. We found that vergence eye movements can be evoked using microstimulation in the rSC. Moreover, among the previously described neurons in rSC, we recorded a novel population of neurons that either increased (i.e., convergence neurons) or decreased (i.e., divergence neurons) their activity during vergence eye movements. In particular, these neurons dynamically encoded changes in vergence angle during vergence tracking, fixation in 3D space and the slow binocular realignment that occurs after disconjugate saccades, but were completely unresponsive during conjugate or the rapid component of disconjugate saccades (i.e., fast vergence) and conjugate smooth pursuit. Together, our microstimulation and single-neuron results suggest that the SC plays a role in the generation of signals required to precisely align the eyes toward targets in 3D space. We propose that accurate maintenance of 3D eye position, critical for the perception of stereopsis, may be mediated via the rSC.
Introduction
The superior colliculus (SC) plays an essential role in the sensorymotor mechanisms that underlie eye movements. When gaze is shifted to an object of interest, neural activity across the SC encodes the distance between the current eye position and the final goal. At the rostral tip of the SC, neuronal activity represents small position errors for multiple eye movement types, including microsaccades, small saccades, smooth pursuit, and fixation (Munoz and Wurtz, 1993; Krauzlis et al., 1997; Bergeron and Guitton, 2000; Choi and Guitton, 2006; Hafed and Krauzlis, 2008; Hafed et al., 2009) . These previous studies have focused on the commands produced by the SC during conjugate eye movements, yet during normal viewing conditions we typically look between objects located at different depths and eccentricities. Despite the fact that the SC is considered one of the most thoroughly studied structures in the primate brain, an examination of motor responses of SC neurons during 3D viewing is virtually nonexistent.
There is mounting evidence to suggest that the SC could play a critical role in the neural control of vergence eye movements. This area receives inputs from disparity-sensitive cortical and subcortical regions (Gnadt and Mays, 1995; Gnadt and Beyer, 1998; Ferraina et al., 2000; Genovesio and Ferraina, 2004; Mimeault et al., 2004) and provides strong descending projections to premotor neurons, which encode vergence-related information (Scudder et al., 1996; Ohtsuka and Nagasaka, 1999 ; for review, see Cullen and Van Horn, 2011) . Microstimulation of the rostral SC (rSC) in the cat has been shown to evoke convergence eye movements (Suzuki et al., 2004) , and bilateral lesions of the rSC in humans have been reported to result in convergence palsy (Ohtsuka et al., 2002) . Surprisingly, the only study to have examined the relationship of neurons in the SC during 3D viewing focused on neurons in the intermediate and deep layers of the caudal SC. That study concluded that shifts in the movement fields were most consistent with a role in conjugate saccade control and were not appropriate for driving vergence eye movements (Walton and Mays, 2003) . Notably, no studies have explored whether the rSC is involved in realigning gaze between near and far targets.
Thus, the goal of the current study was to establish whether neurons in the rSC contribute to the development of the neural command signals required to control eye movements in 3D space, or whether their discharge strictly controls only the conjugate component of eye motion. To answer this question, we used both single-unit recording and microstimulation techniques. For the first time, we describe a distinct group of neurons within the rSC that are unresponsive during traditional conjugate eye movement paradigms but are significantly modulated during smooth vergence tracking and 3D fixation as well as the binocular realignment that follows saccades made in 3D space. Our results expand the functional role of the SC to include alignment of the eyes in 3D space, thereby ensuring accurate stereopsis.
Materials and Methods

Surgical procedures
Two female rhesus monkeys (Macaca mulatta) were prepared for chronic extracellular recordings using the aseptic surgical procedures described previously (Sylvestre and Cullen, 1999) . Briefly, a stainless-steel post was attached to the animal's skull with stainless-steel screws and dental acrylic, permitting complete immobilization of the animal's head. Two stainless-steel recording chambers were also secured to the implant. In one monkey, the recording chambers were oriented stereotaxically toward the oculomotor nucleus on the right and left side of the brainstem. In the second monkey, the recording chamber was tilted backward by 37 degrees and centered over the SC. To record binocular eye position, a coil (three loops of Teflon-coated stainless-steel wire, 18 -20 mm diameter) was implanted in each eye (Judge et al., 1980) . All procedures were approved by the McGill University Animal Care Committee and University of Connecticut Health Center and complied with the guidelines of the Canadian Council on Animal Care and NIH.
Behavioral paradigms
Monkeys were trained to fixate targets for a juice reward. The timing and location of target illumination, data acquisition, and online data displays were controlled using REX, a UNIX-based real-time acquisition system (Hayes et al., 1982) .
Conjugate paradigms
To elicit conjugate movements, a red HeNe laser target was projected onto a cylindrical screen located 55 cm away from the monkey's eyes. To characterize a neuron's preferred direction, horizontally and vertically directed conjugate saccades were elicited by stepping the laser target between positions (Ϯ5-30 degrees), in 5 degree increments, in predictable and unpredictable sequences, and oblique saccades were generated by stepping the laser target between a central target to a sequence of targets that had varying vertical and horizontal components within this same range. Fixational intervals were obtained by keeping the target stationary for a random duration of 1-3 s. A blink paradigm was also used to test whether a neuron showed visual sensitivity. Briefly, while the monkey maintained fixation on a visual target, the target was "blinked" off for 100 -500 ms. The monkey was required to maintain stable fixation before, during, and after the blink period to receive a juice reward. A neuron was considered to have a visual response if the neuronal firing rate decreased to Ͻ5 spikes/s during the blink period (Munoz and Wurtz, 1993) . Horizontal and vertical conjugate smooth pursuit eye movements were generated by moving the laser target sinusoidally (20 degrees/s peak velocity, 0.4 Hz).
Vergence paradigms
Changes in vergence angle were elicited using a planar array of red light emitting diodes (LEDs), with intensities comparable with that of the laser target, which was positioned between the screen and the monkey. Symmetric vergence was elicited by sequentially illuminating LEDs located along the midline (convergence angles: 17, 12, 8, and 6 degrees). Fixational intervals were obtained by keeping the target stationary for 1-3 s. Disconjugate saccades were generated by stepping the target from one of the LEDs to an eccentric laser target position on the screen. This approach yielded a rich variety of disconjugate saccades. Monkeys were also trained during a vergence smooth pursuit task where the laser target was projected onto a horizontal board positioned at eye level, between the screen and the monkey. The laser target moved sinusoidally at the same frequency and velocity used during conjugate smooth pursuit (20 degrees/s peak velocity, 0.4 Hz).
Data acquisition procedures
During experiments, monkeys were seated in a primate chair located within the center of a 1 m 3 , magnetic eye coil system (CNC Engineering). Horizontal and vertical eye position signals were measured using the magnetic search coil technique (Fuchs and Robinson, 1966; Judge et al., 1980) . Each eye coil signal was calibrated independently by having the monkey fixate, with one eye masked, a variety of targets at different horizontal and vertical eccentricities and different depths. Position signals were low-pass filtered at 250 Hz (analog 8 pole Bessel filter) and sampled at 1 kHz. Because ocular saccades include very little power Ͼ50 Hz (Zuber et al., 1968; Van Opstal et al., 1985; Cullen et al., 1996) , eye position signals were further digitally filtered (with a 51st order finiteimpulse-response filter with a Hamming window and a cutoff at 125 Hz), before being differentiated to obtain eye velocity signals (using zerophase forward and reverse digital filtering to prevent phase distortion).
Microstimulation
In both monkeys, the topographic map of the SC was initially determined using microstimulation. This approach permitted identification of the rostral zone of the SC. Saccades were elicited using stimulation parameters, which have been previously used to reliably evoke saccadic eye movements (15-50 A, 333 Hz, 200 -500 ms) (Freedman et al., 1996; Melis and van Gisbergen, 1996; Stanford et al., 1996; Gandhi and Keller, 1999; Paul and Gnadt, 2006) . A stimulation threshold was determined at each site by gradually increasing the current strength. The stimulation threshold was defined as the current strength where at least 75% of all stimulation trials led to a saccadic response while the monkey fixated a far target. To ensure a reliable response during experiments, we used twice the stimulation threshold. For each stimulation, the latency from the onset of stimulation and the onset of the first saccade and first vergence eye movement was calculated. Both saccade and vergence onset were, respectively, defined as the time at which conjugate and vergence velocity was Ͼ10 degrees/s. Once we had mapped out the rostral pole of the SC and identified the area where stimulation evoked horizontal saccades Ͻ5 degrees, we then began our recordings in this area. To minimize potential stimulation-induced damage stimulation, stimulation was then limited so as to ensure that we could record for as long as possible.
Extracellular single-unit recordings
Extracellular single-unit activity was recorded using enamel insulated tungsten microelectrodes (2-10 M⍀ impedance, Frederick Haer; for details, see Sylvestre and Cullen, 1999) . The topographic map of the SC was determined by calculating the "preferred" saccade amplitude and direction of neurons encountered in the intermediate layers of the SC. When a neuron was isolated, unit activity, horizontal and vertical positions of the right and left eyes, and target position were recorded on a digital audio tape. The isolation of each neuron was reassessed offline during playback. A neuron was considered to be adequately isolated only when individual action potential waveforms could be discriminated using a windowing circuit (BAK) during saccades (e.g., Sylvestre and Cullen, 1999, their Fig. 1 ) and during fixation. Subsequent analysis was performed using custom algorithms (Matlab, The MathWorks).
A number of criteria were used to verify that neural recordings were made in horizontal meridian of the intermediate/deep layers of the rSC. First, we restricted our recordings to areas where microstimulation resulted in horizontal staircase saccades Ͻ5 degrees. Second, upon entering the rSC, we recorded visual neurons that were tonically active during the fixation of a central visual target but whose neural activity decreased when the target was momentarily blinked off. Third, at sites adjacent to the ones where we recorded our novel population of vergence neurons, we also indentified rSC burst neurons and fixation neurons with the same neuronal characteristics as have been previously described (Hafed et al., 2009) . Neuronal recordings were focused in areas in the rSC for which bursting neurons were best tuned for small horizontal saccades and increased activity during contralateral smooth pursuit (see Fig. 3B ).
Data analysis
Definitions and conventions. Eye movements are described in terms of conjugate [conjugate ϭ (left eye ϩ right eye)/2] and vergence [vergence ϭ left eye Ϫ right eye] coordinates (where the left eye and right eye inputs could be either position or velocity signals), such that positive and negative vergence velocity signals denote convergence and divergence, respectively. In addition, we report the movement of each eye as either ipsilateral or contralateral based on their location relative to the recording site. Positive and negative values indicate eye positions that are to the right and left, or up and down of the central position (i.e., straight ahead), respectively.
Metric analysis. A neuron's vergence position sensitivity was measured as the slope of the relationship between the mean vergence position and the mean firing rate measured during fixation. Periods of fixation were defined as time intervals Ն200 ms during which peak conjugate and vergence velocities were Ͻ5 degrees/s.
Dynamic analysis. The linear optimization techniques used to quantify the dynamic sensitivity of a neuron to eye movements have been described in detail previously (Cullen et al., 1996; Sylvestre and Cullen, 1999). The spike train was convolved with a Kaiser window to obtain a measure of the neuronal firing rate (Cherif et al., 2008) . Briefly, during vergence tracking, the firing rate of each neuron was estimated using a simple linear model:
where FR is the instantaneous firing rate and b, k, and r are constants that represent a bias, the estimated position sensitivity, and estimated velocity sensitivity, respectively. VG and V G refer to instantaneous vergence position and velocity during vergence tracking. Model parameters estimated during vergence tracking were subsequently used to predict the firing rate during disconjugate saccades. Notably, each neuron's eye velocity sensitivity was corrected for a time delay that was estimated based on stimulation and neuronal response (e.g., 20 ms). In particular, a 20 ms latency accounted for ϳ3 degrees of the average 9 degree lead observed in the 0.4 Hz tracking data; thus, velocity sensitivities were reduced by a factor of 3/9 (i.e., 1/3). The goodness of fit of the data to each model was quantified using the Variance-Accounted-For (VAF ϭ 1 Ϫ [var(mod Ϫ fr)/var(fr)], where mod represents the modeled firing rate and fr represents the actual firing rate). The VAF in linear models is equivalent to the square of the correlation coefficient (R 2 ), such that a model with a VAF of 0.64 provides as good a fit to the data as a linear regression analysis that yields a correlation coefficient of 0.80 (Cullen et al., 1996) .
Histology. Histology, done in one monkey, confirmed that penetrations were in the rostral pole of the left SC.
Statistical analysis. Unless specifically stated otherwise, data presented in the results are described as mean Ϯ SD. A Student's t test was used to determine whether the average of two measured parameters differed significantly from each other.
Results
Overview
In this study, we used microstimulation and single-unit recording techniques to determine the role the rSC plays in generating vergence eye movements. Experiments were performed in 2 monkeys and focused on the region of the rSC for which microstimulation elicited small staircase saccades (Fig. 1A) . We found that vergence eye movements can be evoked using microstimulation in the rSC with latencies comparable to saccades. Further, a thorough examination of the response properties of neurons in the rSC revealed a unique population of vergence neurons involved in reorienting gaze between near and far viewing. Reconstructions of the recording tracks suggest that vergence neurons are typically found ϳ1.5-3.5 mm below parafoveal visual neurons and are uniformly distributed among neurons that respond to fixation, small saccades, and contralateral smooth pursuit (Fig. 1A) .
Microstimulation: vergence initiated at the onset of small staircase saccades
Microstimulation of the rSC (N ϭ 21) elicited very small (Ͻ5 degrees, Fig. 1B) , conjugate staircase saccades when the monkey fixated a far target (Fig. 1C, top) . A very striking, and reproducible result was observed when the same microstimulation parameters were used while the monkey fixated a near target. Specifically, if microstimulation occurred when the eyes were initially converged, the resulting series of staircase saccades was also accompanied by a series of diverging eye movements, which was sustained throughout the duration of the stimulation (Fig.  1C, NEAR; bottom) . The average sizes of the conjugate and vergence component of the first step were 1.7 Ϯ 0.9 degrees and 0.53 Ϯ 0.3 degrees, respectively. This resulted in a cumulative change of 4.1 Ϯ 2.9 degrees and 2.2 Ϯ 1.1 degrees, respectively, after 200 ms of stimulation when the monkey was fixating a near target (Fig. 1D) . Notably, the vergence velocities, like conjugate velocities, evoked by microstimulation followed the main sequence (R 2 ϭ 0.68; slope ϭ 18.6) and were comparable with those previously reported during voluntarily produced vergence movements in monkeys (Busettini and Mays, 2005) .
For each microstimulation site, the latency from the onset of microstimulation and the onset of either the first saccade or vergence eye movement was calculated. Figure 1E plots the distribution of latencies during far (left panel) and near (right panel) viewing. During far and near viewing, the average latency from the onset of microstimulation and the onset of the first saccade were not significantly different (22.5 Ϯ 6.1 ms and 21.9 Ϯ 6.7 ms, respectively; p Ͼ 0.05; Fig. 1E, black bars) . Moreover, during near viewing, the onset of vergence (Fig. 1E , right panel, red bars) was not significantly different from the onset of the first saccade (21.9 Ϯ 6.7 vs 20.63 Ϯ 5.3 ms; p Ͼ 0.05) and was linearly related to conjugate latency (Fig. 1F ) . The short latency of vergence as well as saccadic movements, combined with the strong temporal coupling of their onset, suggests that both components of each eye's movement were evoked by the microstimulation.
In addition to finding that we could evoke diverging eye movements, we also identified a smaller number of sites (N ϭ 3) in one monkey where the same stimulation parameters elicited small staircase saccades that were accompanied by small converging eye movements ( Fig. 2A) . Converging eye movements could be evoked when the monkey looked far or near and the size of convergence movement ranged from 0.28 to 1.2 degrees (average, 0.83 Ϯ 0.37 degrees) and the average size of the conjugate component of the movement ranged from 0.93 to 4.3 degrees (average, 2.2 Ϯ 1.1 degrees). In general, the average latency to the onset of the convergence eye movement was slightly longer than the latency to evoke divergence (47.2 Ϯ 10.4 ms) (Fig. 2C ). These data are in agreement with previously published data in the cat that has also shown that stimulation of the rSC can elicit converging eye movements of similar size and latencies.
Single-unit recording: identification of divergence and convergence neurons in the rSC Neural recordings were subsequently made in regions in the rSC at the same sites where microstimulation elicited staircase saccades Ͻ5 degrees and vergence eye movements. Notably, upon entering the rSC, we recorded visual neurons that were tonically active during the fixation of a central visual target (Fig. 3A) and decreased their activity when the visual target was momentarily turned off (i.e., neurons with parafoveal visual fields) (Goldberg and Wurtz, 1972) . Second, below the visual neurons, we identified neurons that discharged for very small conjugate motor errors during pursuit and/or fixation, as has been described previously (Munoz and Wurtz, 1993; Krauzlis et al., 2000; Hafed and Krauzlis, 2008; Hafed et al., 2009; Reyes-Puerta et al., 2010 ). An example neuron that increased its activity during small, contralateral saccades and pursuit is illustrated in Figure 3B . Interestingly, in the same vicinity as the rSC burst neurons, we identified a unique population of tonic firing neurons that were completely unresponsive during visual fixation tasks as well as during conjugate saccadic eye movements and conjugate smooth pursuit (N total ϭ 19: N monkeyS ϭ 11, N monkeyD ϭ 8). An example from this population of neurons, recorded during a visual fixation task, as well as during small contralateral saccades and conjugate contralateral smooth pursuit, is illustrated in Figure 3C .
Notably, in contrast to the other neuron classes we encountered in the rSC, the activity of these tonic firing neurons was clearly modulated when the monkey looked from a far target to a near target (i.e., during convergence). For instance, as shown in Figure 4A , the example neuron's response decreased as a function of increasing vergence angle, such that it was completely silent when the monkey fixated a very near target (Fig. 4A1) . Quantification of this relationship showed that neural discharge decreased linearly as a function of increasing convergence angle ( Fig. 4A2 ; slope ϭ Ϫ3.7; r ϭ Ϫ0.79). Because the activity of this neuron was higher when the eyes were diverged, we refer to this neuron as a "divergence" neuron.
In addition to identifying divergence neurons, we also recorded neurons that increased their activity during converging eye movements. Figure 4B1 illustrates one example neuron. Remarkably, the neuron was virtually silent while the monkey looked at a distant target, suggesting that previous studies, which identified neurons in the rSC during tasks that required only far viewing, would not have identified these neurons. It was not until the monkey looked to a near target that the neuron began to discharge. A linear regression of the neural response plotted against vergence angle shows that this neuron's activity was linearly related to vergence angle ( Fig. 4B2 ; slope ϭ 2.7; r ϭ 0.66). In contrast, a linear regression between conjugate position and firing rate confirmed that the neuron was unrelated to changes in conjugate position (data not shown; r ϭ 0.07). Because the activity of this neuron was higher during convergence, we refer to it as a "convergence" neuron.
Overall, we identified a population of divergence and convergence neurons with responses that were linearly related to vergence angle. Regression lines for each neuron in the population is shown in Figure 4A2 , B2 (divergence: N total ϭ 8, mean divergence vergence slope ϭ Ϫ2.5 Ϯ 1.03, mean r ϭ Ϫ0.71 Ϯ 0.17; convergence: N total ϭ 11, mean convergence vergence slope ϭ 3.2 Ϯ 2.3; mean r ϭ 0.61 Ϯ 0.25) but were unrelated to changes in conjugate position (divergence: mean conjugate slope ϭ Ϫ0.19 Ϯ 0.8; convergence: mean conjugate slope ϭ Ϫ0.3 Ϯ 6.7; Fig. 4A2 ,B2, insets). Notably, convergence and divergence neurons could be recorded within a few hundred micrometers from each other, on the same recording track.
Neurons in rSC dynamically encode vergence during vergence tracking
We further tested the responses of diverging and converging neurons during a number of tracking paradigms. We found that, when the monkey pursued a distant target (i.e., conjugate pursuit), both neuron types were unresponsive (Fig. 5A) . However, during sinusoidal smooth tracking of a target indepth (i.e., vergence pursuit), neurons were clearly modulated (Fig. 5B) . In particular, as illustrated in Figure 5B1 , the firing rate of a divergence neuron ( Fig. 5B1 ; the same example neuron shown in Fig. 4A ) decreased as the eyes tracked an approaching target (i.e., during convergence). In contrast, the firing rate of a convergence neuron ( Fig. 5B2 ; same neuron as in Fig. 4B ) increased as the eyes tracked the approaching target. We found that we could estimate the firing rate of each neuron using a simple linear model:
where FR is the instantaneous firing rate and b, k and r are constants that represent a bias, the estimated position sensitivity, and estimated velocity sensitivity, respectively. VG and V G refer to instantaneous vergence position and velocity during vergence tracking. Average model fits (in blue) are superimposed on the firing rates (black) for the two example neurons shown in Figure 5B . For our population of neurons, this model closely fit discharge modulation during vergence pursuit (VAF diverg ϭ 0.42 Ϯ 0.27, VAF converg ϭ 0.3 Ϯ 0.11). Conversely, a model in which conjugate parameters used as the model input fit the discharge pattern poorly (VAF diverg ϭ 0.01 Ϯ 0.02, VAF converg ϭ 0.02 Ϯ 0.02). Notably, a comparison of the bias and vergence position sensitivities estimated during vergence pursuit were comparable with those estimated using the linear regression during fixation. This result further suggests a tight linkage between neuronal responses and motor output during disconjugate eye movements.
Convergence and divergence neurons in the rSC encode slow but not fast vergence
We have shown that vergence neurons in the rSC dynamically encode slow changes in vergence during slow smooth pursuit of a target in-depth, as well as static changes in vergence angle. We next analyzed whether these same vergence neurons might play a role in commanding eye motion when gaze is rapidly redirected between near and far targets. Notably, 3D reorienting eye movements are typically characterized by a period of fast saccadic vergence, which quickly redirects the eyes by unequal amounts (i.e., disconjugate saccade), in addition to periods of initial and/or late slow vergence, which are needed to binocularly position the two eyes and ensure stereopsis (e.g., see Fig. 6A ). Previous studies have shown that neurons within the brainstem saccadic network (e.g., saccadic burst neurons in the PPRF) dynamically encode the movement of an individual eye during disconjugate saccades but are unresponsive during initial and late periods of slow vergence (King and Zhou, 2002; Van Horn et al., 2008; Cullen and Van Horn, 2011) . Accordingly, this has left open the important question of where the signals guiding slow vergence arise. Consistent with the above recording results, the activity of divergence and convergence neurons in the rSC was appropriate for driving the slow vergence after a disconjugate saccade. A typical sequence of neuronal activity for a convergence neuron is illustrated in Figure 6B . We first aligned neuronal activity on the onset of the disconjugate saccade (e.g., fast vergence onset, left panel) and found that the onset of spikes occurred after the onset of fast vergence (Fig. 6B, left) . However, when spiking activity was aligned on slow vergence (Fig. 6B, right) , we found that the onset of neural activity was tightly linked with onset of slow vergence (Fig. 6B, right) . Calculating the latency to the first spike (e.g., response activation) revealed that the response activation was more correlated with the onset of slow vergence (R 2 ϭ 0.76; respectively) compared with fast vergence (0.29 Ϯ 0.24 and 0.20 Ϯ 0.24, respectively). Furthermore, calculating the latency from the onset of slow vergence to the time of response activation revealed that it was shorter and less variable than the latency calculated from the onset of the saccade and the time of response activation (17.0Ϯ17.9 vs 66.5 Ϯ 33.1; Fig.  6C , right), suggesting that vergence responses were more tightly linked to the onset of slow vergence than fast vergence. We next performed a quantitative analysis of neuronal discharge dynamics during the disconjugate saccades. In particular, we sought to determine whether the sensitivities estimated during slow vergence tracking (e.g., Eq. 1, Fig. 5) , which, when corrected for a time delay (see Materials and Methods), could be used to predict a neuron's activity during a disconjugate saccade.
Interestingly, the predicted firing rate overestimated the actual neuronal discharge during the fast vergence epoch but was much more accurate at predicting the actual firing rate during the slow component (Fig. 6B) . A comparison of the VAF calculated during the fast vergence epoch to VAF calculated during the slow vergence epoch confirmed that this example neuron preferentially encoded the slow component of the disconjugate saccade (VAF fast ϭ Ϫ1.9 vs VAF slow ϭ 0.06). Similarly, a far better prediction was obtained for the slow component of the movement than for the fast component across the population (VAF fast ϭ Ϫ1.8 Ϯ 2 vs VAFslow ϭ 0.05 Ϯ 0.1). Thus, the discharge of vergence neurons in the rSC not only encoded vergence during pursuit in-depth but also dynamically encoded slow changes in vergence that are suitable for ensuring precise binocular alignment after disconjugate saccades.
Discussion
Neurons in the rSC have been shown to encode small position errors during conjugate eye movements, including small saccades, smooth pursuit, and fixation (Krauzlis et al., 1997; Bergeron and Guitton, 2000; Choi and Guitton, 2006; Hafed and Krauzlis, 2008) . In this study, we extend the functional role of the rSC and demonstrate that it also plays an essential role in generating vergence eye movements. Using microstimulation, we found that we could elicit vergence eye movements and, using single-unit recording techniques, we identified and characterized a distinct class of neurons that encode vergence angle. These "vergence" neurons were recorded in the intermediate to deep layers of the rSC, below visual neurons, and among the previously described rSC neurons that respond to small position errors during conjugate eye movements. Importantly, identified vergence neurons that were unre- sponsive during conjugate movements were found to dynamically encode slow changes in vergence angle during vergence pursuit as well as during slow vergence after 3D saccades to ensure accurate binocular alignment. Overall, our findings provide important new insight into how the brain controls 3D gaze and support the proposal that distinct neural pathways control fast versus slow vergence.
The rSC and the neural control of vergence
In the present experiment, we provide strong electrophysiological evidence that the rSC plays an important role in generating and maintaining binocular eye movements. We microstimulated the intermediate/deep layers of the rSC and found that, when the monkey fixated a far fixation point, the resulting eye movements were comprised of a sequence of very small conjugate saccades (i.e., staircase saccades) in the contralateral direction. However, when microstimulation was applied while the eyes were initially converged, diverging disconjugate saccades were evoked. Importantly, the average latency for vergence initiation was comparable to that of saccade initiation (e.g., ϳ20 ms), consistent with saccadic latencies reported in previous microstimulation studies of in the rSC (Gandhi and Keller, 1999) . Although far less frequent, we also identified sites where microstimulation resulted in convergence. These data are in agreement with previously published data in the cat, which has also reported that stimulation of the rSC can evoke convergence (Suzuki et al., 2004) . Our results are also in agreement with studies in human and monkey that have shown that lesions of the rSC result in impairments in maintaining binocular eye alignment (Lawler and Cowey, 1986; Ohtsuka et al., 2002) .
At the same sites that evoked vergence responses, we identified, for the first time, using single-unit recording techniques, a distinct population of neurons in the rSC that were linearly related to changes in vergence angle. Neurons coding slow vergence have been previously described near the oculomotor nucleus in monkey (Mays, 1984; Judge and Cumming, 1986; Zhang et al., 1991; Zhang et al., 1992) . The majority of these neurons were identified dorsal and dorsolateral to the oculomotor nucleus and, similar to the neurons described in the present study, were unresponsive during conjugate saccades but either positively or negatively modulated during convergence. Judge and Cumming (1986) noted that a few of their recorded neurons were relatively more dorsal and suggested that they may have been in the pretectum or rSC. However, Judge and Cumming (1986) did not thoroughly test the responses of nearby neurons; thus, the location of these few neurons remains unknown. In the present study, we used microstimulation and single-unit techniques to establish that our population of vergence neurons were indeed in the rSC and found that, in the same area as we could evoke small staircase saccades and record the activity stereotypical rSC neurons, we also could evoke vergence eye movements and as well as record convergence and divergence neurons. Previous studies found that vergence neurons located near the oculomotor nucleus can encode vergence, accommodation, or both (Judge and Cumming 1986; Zhang et al., 1992) . Although the current study was not designed to specifically test for sensitivities to accommodation, we expect that the neurons recorded in the present study would show a similar distribution of sensitivities to vergence and accommodation.
The neural control of fast versus slow vergence
One of the most striking results of the present study was the finding that vergence neurons, identified in the rSC, responded most robustly to slow changes in vergence angle. This finding is particularly interesting given what is known about the behavior of 3D reorienting eye movements. In particular, these movements are characterized by a period of fast saccadic vergence, which quickly redirect the eyes by unequal amounts (i.e., disconjugate saccade), in addition to periods of initial and/or late slow vergence, which are needed to binocularly position the two eyes to ensure stereopsis. There are extensive data demonstrating that the discharge of brainstem premotor saccadic neurons (e.g., saccadic burst and burst-tonic neurons) is tightly linked to the onset of the disconjugate saccade and that these neurons dynamically encode integrated conjugate and vergence commands during the fast saccadic component of a 3D eye movement (Zhou and King, 1996, 1998; Sylvestre et al., 2003; Van Horn and Cullen, 2008; Van Horn et al., 2008) . However, studies have also shown that saccadic neurons are silent during the slow component of a 3D gaze shift (e.g., before and after the disconjugate saccade and slow vergence tracking) (Van Horn et al., 2008) .
Together, these previous results have suggested that, although the saccadic burst neurons function to rapidly redirect the eyes, an additional command is required to align the fovea of each eye on a target and ensure accurate binocular perception (King and Zhou, 2000, 2002; Van Horn and Cullen, 2008; Van Horn et al., 2008) . Additional evidence for separate fast and slow pathways for vergence eye movements resides in human lesion studies, which have shown specific deficits in fast vergence eye movements in pontine lesions (Rambold et al., 2005) . Moreover, at the level of the oculomotoneurons, there is evidence that different motoneurons contribute more to certain oculomotor behaviors than others. In particular, it has been suggested that the motoneurons that project to slow, multiply innervated extraocular fibers receive their primary innervations from premotor sources involved in executing slow eye movements, whereas motoneurons that project to singly innervated extraocular fibers predominately receive saccadic premotor input (Wasicky et al., 2004; Ugolini et al., 2006) .
In the present study, we have identified vergence neurons in the rSC having a very different pattern of activity compared with premotor saccadic neurons. In particular, these neurons are modulated during slow vergence tracking, the onset of their activity is more correlated with the onset of slow vergence, and their activity during slow vergence can be predicted based on a model used to estimate their activity during slow vergence pursuit. Accordingly, these results suggest that vergence neurons in the rSC are more appropriate for encoding slow changes in vergence. In particular, we propose that a pathway from the rSC to neurons in the cMRF, which dynamically encode integrated conjugate and vergence information (Waitzman et al., 2008) , to small motoneurons in the abducens contributes to slow changes in vergence.
To date, the source of fast vergence command to the brainstem saccadic burst neurons remains unknown. A likely candidate is saccade-related burst neurons of the caudal SC, which sends projections to saccadic burst neurons and receives inputs from disparity sensitive regions, including the superficial layers of the SC (Mimeault et al., 2004) . Surprisingly, only one study has examined the relationship of caudal SC neurons during 3D viewing (Walton and Mays, 2003) . However, although this study described a number of neurons whose discharge was clearly modulated by vergence eye movements, the investigators concluded that the SC was not involved in driving vergence eye movements because the movement fields did not systematically shift as predicted. Importantly, there were a number of limitations to this study that justify a reexamination of the SC for evidence of a fast vergence command signal. For example, the experimental design did not match the command generated during conjugate versus disconjugate eye movement to each specific SC neuron's optimal tuning. In the context of our present findings regarding the rSC's encoding of slow vergence, we suggest that the caudal SC should be reexamined for evidence of vergence-related information that would be suitable for shaping the discharge dynamics of upstream premotor saccadic neurons (i.e., the fast vergence command). Indeed, previous neural recordings in the caudal SC demonstrated at least three different classes of neurons: clipped, partially clipped, and unclipped cell referring to the discharge that occurred after the end of the saccade (Waitzman et al., 1991) . Such "postsaccadic" discharges could be used for the control of fast or slow vergence. Unfortunately, to date, no single recording or analysis of caudal SC neurons with different postsaccadic discharges has been undertaken.
In conclusion, we propose that distinct groupings of neurons within the SC, which encode slow versus fast vergence, underlie the ability to accurately position each of the two eyes when fixating targets in 3D space. Specifically, inputs from neurons in the rSC serve as a pathway for facilitating slow changes in vergence, whereas inputs from caudal SC could potentially mediate fast vergence. Future work is needed to test the latter proposal, as well as to fully establish how coor- Figure 6 . Neural control of fast versus slow vergence. A, Illustration of an example disconjugate eye movement that has a period of fast vergence to quickly redirect the eyes (blue trace) as well as a period of slow vergence to binocularly position the eyes and ensure accurate visual perception (red trace). A1, A2, The onset on fast versus slow vergence. B, Example discharge rate of a convergence neuron during disconjugate saccades aligned on fast vergence (i.e., saccadic onset, left) and slow vergence onset (right). Average conjugate (conj, blue trace) and vergence (verg, red trace) velocity and vergence position traces are shown below the raster. Average firing rate with SE is superimposed on the raster plot. Model fit, predicted using Equation 2 is superimposed in red on the firing rate. Vertical dashed lines indicate segments used for the fits. C, Left, Correlation between the time of the neuronal activation and the time of slow vergence onset for the example neuron shown in B. Right, Distribution of latencies calculated from the onset of neuronal activation and either the onset of the saccade (blue) or the onset of slow vergence (red) for the population of neurons. dinated inputs from distinct fast and slow vergence pathways work together to ensure accurate gaze positioning.
